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E\PHOWLQJWKHSODVWLFWKURXJKDKHDWLQSXWLQWRWKHPHWDOMRLQWDQGWKHIROORZLQJZHWWLQJZLWKWKHPHWDOVXUIDFH7KH
MRLQLQJ PHWKRG FDQ EH VHHQ DV D IDVW IOH[LEOH DQG UHOLDEOH SURFHVV WR FRQQHFW WKH WZR GLIIHUHQW PDWHULDOV
&HQLJDHRQDLGLDHWDO
7RDFKLHYHKLJK MRLQWTXDOLWLHV D VXUIDFHSUHWUHDWPHQWRI WKHPHWDO LVYLWDO +HFNHUW DQG=DHK6HYHUDO
UHVHDUFKHUVXVHGDODVHUVXUIDFHSUHWUHDWPHQWRQWKHPHWDOZLWKSXOVHGODVHUUDGLDWLRQIRUHQKDQFLQJWKHPHFKDQLFDO
SURSHUWLHV RI WKH K\EULG MRLQW &XUUHQW ZRUN KDV VKRZQ WKDW MRLQW VWUHQJWKV FRPSDUDEOH WR WKRVH E\ DQ
HOHFWURFKHPLFDO VXUIDFH SUHWUHDWPHQW VXFK DV DQRGL]LQJ DQG HWFKLQJ FDQ EH DFKLHYHG ZLWK ODVHUVXUIDFHSUH
WUHDWPHQW .XUWRYLF  5HFKQHU  6SDGDUDR HW DO  /DPEHUWL HW DO  )RU SURFHVVLQJ WKHPHWDO
VXUIDFHZLWK SXOVHG ODVHU UDGLDWLRQ WZRGLIIHUHQWPHWKRGV H[LVW2Q WKHRQHKDQG WKH ODVHU SXOVHV DUH XQLIRUPO\
DUUDQJHG LQ DQ RYHUODSSLQJ FRQILJXUDWLRQ%\PHOWLQJ HYDSRUL]DWLRQ DQG WKH UHVXOWLQJ YDSRXU SUHVVXUH D FKDRWLF
PLFURVFRSLFPHOWVWUXFWXUHLVDFKLHYHGZKLFKLVFKDUDFWHUL]HGE\DVHULHVRIVSKHULFDOPHOWGURSV7KHGLPHQVLRQV
RI WKRVH VWRFKDVWLF VWUXFWXUHV DUH XVXOOD\ VPDOOHU WKDQ WKH VSRW GLDPHWHU RI WKH ODVHU EHDP$PRQJVW WKH DXWKRUV
XVLQJVXFKVWRFKDVWLF VWUXFWXUHVDUH5HFKQHU+RVH.XUWRYLFDQG+HFNHUWDQG=DHK
2QWKHRWKHUKDQGWKHSXOVHGODVHUUDGLDWLRQLVXVHGWRPDQXIDFWXUHGHWHUPLQLVWLFVWUXFWXUHVOLNHJURRYHVRUKROHV
7KHGLPHQVLRQVRIWKRVHVWUXFWXUHVDUHLQWKHUDQJHRIWKHODVHUVSRWGLDPHWHURUDERYHDQGWKHVWUXFWXUHJHRPHWULHV
DUH GHILQHG *URRYH VWUXFWXUHV ZHUH PDQXIDFWXUHG E\ $PHQGHWDO $PHQGHWDO
5RGUtJXH]HWDODQG6FKULFNHUHWDO
<HWWKHUHVHDUFKLVIRFXVHGRQWKHLPSURYHPHQWRIWKHPHFKDQLFDOVWUHQJWKEHWZHHQPHWDODQGSODVWLF+RZHYHU
IRUVHYHUDO WHFKQLFDODSSOLFDWLRQVRWKHU MRLQWSURSHUWLHVVXFKDV WKHVHDO WLJKWQHVVDJDLQVW IOXLGVRUJDVHVFDQEHRI
LPSRUWDQFH5RHVQHUDFKLHYHGDWLJKWQHVVDJDLQVWSHUPDQHQWLPPHUVLRQLQZDWHUE\MRLQLQJWXEXODUVWHHOSDUWV
ZLWK GHWHUPLQLVWLF ODVHU VXUIDFH VWUXFWXUHV WR SRO\FDUERQDWH FRYHUV 6LQFH YHU\ OLWWOH LV NQRZQ FRQFHUQLQJ VHDO
WLJKWQHVVWKHJDVWLJKWQHVVIRUPHWDOSODVWLFMRLQWVDFKLHYHGE\SXOVHGODVHUVXUIDFHSUHWUHDWPHQWLVDQDO\]HGLQWKLV
VWXG\
([SHULPHQWDOVHWXS
2.1. Materials 
$OXPLQXP $/ DOOR\ RI WKH W\SH (1$:$ ZDV XVHG DV WKH PHWDO MRLQLQJ SDUWQHU 7KH PDWHULDO LV
FKDUDFWHUL]HGE\JRRGIRUPDELOLW\DQGORZPHFKDQLFDOVWUHQJWK)RUWKHUPDOMRLQLQJZLWKDWKHUPRSODVWLFPDWHULDO
QDWXUDO SRO\SURS\OHQH 33 ZDV FKRVHQ 33 LV FKDUDFWHUL]HG E\ D ORZZDWHU SHUPHDELOLW\ DQG FKHPLFDO VWDELOLW\
6DHFKWOLQJDVZHOODVDORZSULFH)XUWKHUWHFKQLFDOSURSHUWLHVRIWKHPDWHULDOVDUHOLVWHGLQ7DEOH
7DEOH0DWHULDOSURSHUWLHVRIDOXPLQXPDQGQDWXUDOSRO\SURS\OHQH
3DUDPHWHU 8QLW (1$:$ 33
'HQVLW\ JFPñ  
7HQVLOHVWUHQJWK 03D  
7KHUPDOH[SDQVLRQFRHIILFLHQW .  
2.2. Laser surface structuring of the aluminum 
7KH VXUIDFH SUHWUHDWPHQW RI WKH$/ VSHFLPHQVZDV GRQH E\ XVLQJ D SXOVHG VLQJOHPRGH<EILEUH ODVHU 7KH
VSHFLILFDWLRQVRIWKHODVHUV\VWHPDUHDPHDQRXWSXWSRZHURI:DZDYHOHQJWKRIQPDQGDSXOVHZLGWKRI
QV)RUDOOVSHFLPHQVWKHODVHUEHDPZDVIRFXVHGWRDVSRWGLDPHWHURIDERXWPRQWRWKHPHWDOVXUIDFH$OO
PHWDOVSHFLPHQVZHUHVWUXFWXUHGLQDPELHQWDWPRVSKHUH
7ZR GLIIHUHQW VXUIDFH VWUXFWXUHV KDYH EHHQ PDQXIDFWXUHG )LUVWO\ VWRFKDVWLF VWUXFWXUHV ZHUH FUHDWHG E\
RYHUODSSLQJWKHSXOVHVLQWKHIRFDOSODQHLQERWKGLPHQVLRQV)LJD

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
)LJ6FKHPDWLFLOOXVWUDWLRQRIWKHSURFHVVVWUDWHJ\IRUDVWRFKDVWLFDQGEJURRYHVWUXFWXUHV
7KHKDWFKGLVWDQFHOKGZDVYDULHGEHWZHHQPDQGP7KHVWRFKDVWLFVWUXFWXUHVZHUHHYDOXDWHGEDVHGRQ
WKH FXPXODWLYH ODVHU HQHUJ\(FXP6 LUUDGLDWHG WR WKH VXUIDFH(FXP6ZDV GHILQHGE\ WKHSXOVH HQHUJ\(3 WKH KDWFK
GLVWDQFHOKGDQGWKHQXPEHURIUHSHWLWRQVQUHS
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6HFRQGO\DJURRYHVWUXFWXUHZDVJHQHUDWHGE\DSSO\LQJDSDUDOOHOOLQHSDWWHUQ)LJE7KHOLQHGLVWDQFHOJURRYH
ZDVGHILQHGWREHP7KHJURRYHVZHUHPDQXIDFWXUHGE\RYHUODSSLQJODVHUSXOVHVLQWKHGLUHFWLRQRIWKHODVHU
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
 rep
hd
p
Gcum nl
E
E    
7KHXWLOL]HGODVHUSDUDPHWHUVIRUWKHVXUIDFHSUHWUHDWPHQWDUHOLVWHGLQ7DEOH
7DEOH/DVHUSDUDPHWHUVIRUVXUIDFHSUHWUHDWPHQWRIDOXPLQXPIRUWKHVWRFKDVWLFDQGWKHJURRYHVWUXFWXUH
3DUDPHWHU 8QLW 6WRFKDVWLFVWUXFWXUH *URRYHVWUXFWXUH
3XOVHHQHUJ\ P-             
+DWFKGLVWDQFH P             
5HSHWLWLRQV              
&XPXODWLYHHQHUJ\ -FPð             
2.3. Thermal joining of the laser structured specimens and mechanical test 
%RQGLQJRI$/DQG33ZDVSHUIRUPHGE\ODVHUEDVHGKHDWFRQGXFWLRQMRLQLQJ)RUWKLVSXUSRVHWKHVSHFLPHQV
ZHUHFODPSHGDQGFRPSUHVVHGE\DIRUFHRI17KH$/ZDVLUUDGLDWHGE\DVLQJOHPRGH<EILEUHODVHUWRKHDW
WKH PHWDO DQG WR PHOW WKH 33 $ VFDQQLQJ RSWLFV ZDV XVHG WR DSSO\ ODVHU WUDMHFWRULHV DFFRUGLQJ WR )LJ 7ZR
GLIIHUHQWW\SHVRIMRLQWVZHUHPDQXIDFWXUHG)LUVWO\WKHWHQVLOHVKHDUVWUHQJWKLQGHSHQGHQFHRIWKHVXUIDFHVWUXFWXUH
ZDVDQDO\]HG,QRUGHUWRGRWKDW$/DQG33VSHFLPHQVZHUHMRLQHGDVLOOXVWUDWHGLQ)LJDDQGWHVWHGDFFRUGLQJ
WR',1(1$ODVHUSRZHURI:DIHHGUDWHRIPVDQGUHSHWLWLRQVRIWKHWUDMHFWRU\ZHUH
XVHG IRU WKH MRLQLQJ SURFHVV 6HFRQGO\ F\OLQGULFDO 33 VSHFLPHQV ZHUH MRLQHG WR WXEXODU $/ SDUWV DV VKRZQ LQ
)LJE7KH$/VSHFLPHQVH[KLELWDJDVUHVHUYRLULQFOXGLQJWZRKROHV2QHKROHZDVVHDOHGE\WKH33DQGXWLOL]HG
IRU WKH JDVWLJKWQHVV WHVW 7KH UHPDLQLQJ ILOOLQJ QHFNZDV FRQQHFWHGZLWK WKHPHDVXULQJ HTXLSPHQW7KH33ZDV
MRLQHGZLWKDKHDWLQSXWDFKLHYHGE\DODVHUSRZHURI:DIHHGUDWHRIPVDQGDFLUFXODUWUDMHFWRU\ZLWK
UHSHWLWLRQV
 
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)LJ7KHUPDOMRLQLQJRIVSHFLPHQVIRUDWHQVLOHVKHDUVWUHQJWKWHVWDQGEJDVWLJKWQHVVWHVW
7KUHH VSHFLPHQVRI HDFK ODVHU VXUIDFH VWUXFWXUHZHUHPDQXIDFWXUHG WR WHVW WKHJDVWLJKWQHVV7KH WHQVLOH VKHDU
VWUHQJWKZDVFDOFXODWHGIURPWKHEUHDNLQJIRUFHGLYLGHGE\WKHRYHUODSSLQJDUHD6L[VDPSOHVRIHDFKW\SHRIODVHU
VXUIDFH VWUXFWXUHZHUHXVHG WRFDOFXODWH DQDYHUDJH MRLQW VWUHQJWKZKHUHE\HLWKHU WKUHH VSHFLPHQVZHUH IUDFWXUHG
ULJKW DIWHU MRLQLQJ RU XVHG IRU ORQJWHUP GXUDELOLW\ WHVWLQJ 7KH ORQJWHUP GXUDELOLW\ ZDV DQDO\]HG E\ D FOLPDWH
FKDQJHWHVWUHIHUULQJWRWKHLQWHUQDOVWDQGDUG%0:357KLVF\FOHLQFOXGHGDZDUPXSWR&IRURQHKRXU
DWDQDWPRVSKHULFPRLVWXUHRIDVZHOODVDFRROLQJSKDVHWR&7KHGZHOOWLPHIRUERWKWHPSHUDWXUHVZDV
GHILQHGWREHWZRKRXUV7KHVSHFLPHQVZHUHVWRUHGLQWKHFOLPDWHWHVWLQJODERUDWRU\IRUWHQF\FOHV
2.4. Surface analysies for the laser structured aluminum 
$QDQDO\VLVRIWKHODVHUVWUXFWXUHGVXUIDFHWRSRJUDSK\ZDVFDUULHGRXWE\VFDQQLQJHOHFWURQPLFURVFRS\6(0
ODVHUVFDQQLQJPLFURVFRS\/60DQGRSWLFDOPLFURVFRS\
6(0ZDVXVHGWRLGHQWLI\UHVROLGLILHGPROWHQPDWHULDOZKLFKOHGWRXQGHUFXWVDQGDFOHIWVXUIDFHGHSHQGLQJRQ
WKHODVHUSURFHVVLQJSDUDPHWHUV)XUWKHUPRUHWKHVWUXFWXUHVZHUHHYDOXDWHGUHJDUGLQJWKHIRUPDWLRQRIR[LGH,Q
DGGLWLRQ/60ZDVXWLOL]HGWRDQDO\VHWKHVXUIDFHWRSRORJ\7KHPHDVXULQJPHWKRGDOORZVWKHJHQHUDWLRQRIDWKUHH
GLPHQVLRQDOPRGHORIWKH$/VXUIDFHWRSRORJ\$VDFRQVHTXHQFHWKHPHDQURXJKQHVVLQGH[5DRIWKHVWRFKDVWLF
VWUXFWXUHVZDVFDOFXODWHG7KHJURRYHVWUXFWXUHVZHUHFKDUDFWHUL]HGUHJDUGLQJWKHJURRYHGHSWKGJURRYHJURRYHZLGWK
ZJURRYHDQGEXUUKHLJKWKEXUUDVVKRZQLQ)LJE\ERWK/60DQGRSWLFDOPLFURVFRS\3ROLVKHGPLFURJUDSKVHFWLRQV
RIWKHPDQXIDFWXUHGMRLQWVZHUHXWLOL]HGIRUWKHLQYHVWLJDWLRQRIWKH33ZHWWDELOLW\
 
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
)LJ6FKHPDWLFLOOXVWUDWLRQRIJURRYHVWUXFWXUHVDQGGHILQLWLRQRIJURRYHGHSWK
2.5. Gas-tightness test 
7KH JDVWLJKWQHVV RI WKH K\EULGH $/33 MRLQWV ZDV LGHQWLILHG E\ D KHOLXP OHDN WHVW UHIHUULQJ WR
',1(1 'XH WR WKH VPDOOHVW DWRPLF UDGLXV RI DOO FKHPLFDO HOHPHQWV OHDN WHVWVZLWK KHOLXP GHWHFW D
PLQLPXPOHDNDJHRIDSSUR[LPDWHO\3DPñV',1(1*DVWLJKWQHVVRIWKHK\EULGPHWDOWKHUPRSODVWLF
MRLQWVZDVGHILQHGDWDPD[LPXPOHDNDJHRIÂPEDUV)RUOHDNDJHWHVWLQJWKHVSHFLPHQVZLWKWKHDLUUHVHUYRLU
)LJEZHUHSODFHGLQWKHYDFXXPFKDPEHUDVVKRZQLQ)LJ$IWHUHYDFXDWLQJWKHFKDPEHUKHOLXPZDVORDGHG
WRWKHLQVLGHRIWKHUHVHUYRLU,QFDVHRIFUDFNVSRUHVRUKROHVLQWKHMRLQWUHJLRQKHOLXPOHDNVIURPWKHLQVLGHRIWKH
UHVHUYRLUZKLFKLVWKHQLGHQWLILHGE\DPDVVVSHFWURPHWHU
)LJ,GHQWLILFDWLRQRIJDVWLJKWQHVVE\KHOLXPOHDNDJHWHVW
5HVXOWVDQGGLVFXVVLRQ
3.1. Analysis of the aluminum surface topology and wetting with the polypropylene 
7KH ODVHU VWUXFWXUHG$/ VXUIDFHVZLWK VWRFKDVWLF DQG JURRYH VWUXFWXUHV ZHUH H[DPLQHG E\ 6(0 DV VKRZQ LQ
)LJ7KH6(0LPDJHVGLVSOD\DFOHIWDQGURXJKVXUIDFH WRSRJUDSK\IRUDVWRFKDVWLFVWUXFWXUHGHSHQGLQJRQ WKH
DPRXQWRIFXPXODWLYHHQHUJ\,QFUHDVLQJWKHHQHUJ\E\KLJKHUSXOVHHQHUJ\PXOWLSOHUHSHWLWLRQVRUDVPDOOHUKDWFK
GLVWDQFHFDXVHGDPRUHFOHIWVXUIDFHZLWKPDQ\XQGHUFXWV(VSHFLDOO\LQFDVHRIDORZHQHUJ\DPRXQWOHVVPRWLRQRI
WKHPROWHQPDWHULDORFFXUHGDQGWKHPDWHULDOUHVROLGLILHGLQVOLJKWO\IODWWHUVWUXFWXUHVDVVKRZQLQ)LJDE,Q
FRQWUDVWURXQGDQGQRGXODUPHOWVWUXFWXUHVRFFXUZKHQDSSO\LQJKLJKFXPXODWLYHHQHUJLHVDVVKRZQLQ)LJF
 
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
)LJ6(0SKRWRJUDSKVRIDOXPLQXPVXUIDFHVZLWKVWRFKDVWLFVWUXFWXUHVIRU(FXP6RID-FPðE-FPðDQGF-FPð
)XUWKHUPRUHWKH6(0LPDJHVVKRZDQLQFUHDVLQJFRQWHQWRISRURXVR[LGHRQWKHVWRFKDVWLFVWUXFWXUHV7KHR[LGH
FDQEHLGHQWLILHGDVDIX]]\OD\HU/RZFXPXODWLYHHQHUJ\FDXVHGOHVVIRUPDWLRQRIR[LGH$WKLFNR[LGHOD\HUZDV
LGHQWLILHGIRUWKH$/VSHFLPHQVZKLFKZHUHSUHWUHDWHGZLWKDKLJKHUFXPXODWLYHHQHUJ\)LJF7KHILQGLQJVDUH
LQDFFRUGDQFHWR5HFKQHU+RVHDQG.XUWRYLF
7KH 6(0 LPDJHV RI WKH JURRYH VWUXFWXUHV )LJ LOOXVWUDWH DQ LQFUHDVH LQ VWUXFWXUH GHSWK GHSHQGLQJ RQ WKH
FXPXODWLYH HQHUJ\ 7KHPDWHULDOZDVPDLQO\ YDSRULVHG E\ WKH ODVHU UDGLDWLRQ ,Q DGGLWLRQ UHVROLGLILHGPHOWZDV
LGHQWLILHG LQ WKH VWUXFWXUHVZKLFK OHG WRD URXJKVXUIDFH WRSRORJ\ LQVLGH WKHJURRYHV6RPH OLTXLILHGPDWHULDO UH
VROLGLILHGDVDEXUUDORQJWKHJURRYHVRQWKHVXUIDFH:KLOHLQFUHDVLQJWKHDPRXQWRIHQHUJ\WKHIRUPDWLRQRIWKH
EXUULQFUHDVHGDVLWLVVKRZQLQ)LJDWRF,QFRPSDULVRQWRWKHVWRFKDVWLFVWUXFWXUHVOHVVR[LGHZDVLGHQWLILHG
)LJ6(0SKRWRJUDSKVRIDOXPLQXPVXUIDFHVZLWKJURRYHVWUXFWXUHVIRU(FXP*RID-FPE-FPDQGF-FP
7KH UHVXOWV IRU WKHPHDQURXJKQHVV LQGH[5DRI WKHVWRFKDVWLFVWUXFWXUHV LQGHSHQGHQFHRI WKH ODVHUHQHUJ\DUH
VKRZQLQ)LJD7KHYDOXHVZHUHFDOFXODWHGE\DQDYHUDJHRIILYHURXJKQHVVOLQHVDORQJWKHVXUIDFH(DFKJUDSK
LQ WKH SORW LV DVVRFLDWHGZLWK D VSHFLILF SXOVH HQHUJ\ DQG KDWFK GLVWDQFH$PLQLPXPPHDQ URXJKQHVV LQGH[ RI
PZDVPHDVXUHG IRUDFXPXODWLYHHQHUJ\RIDERXW-FPðDWDSXOVHHQHUJ\RIP-DKDWFKGLVWDQFHRI
PDQGRQH UHSHWLWLRQ ,QFUHDVLQJ WKHQXPEHURI UHSHWLWLRQVRU WKHSXOVHHQHUJ\DVZHOODV ORZHULQJ WKHKDWFK
GLVWDQFH FDXVHG DKLJKHU VXUIDFH URXJKQHVV7KHPHDQ URXJKQHVV LQGH[ IRU H[DPSOH FRXOGEH LQFUHDVHGE\XS WR
PDWDSXOVHHQHUJ\RIP-DKDWFKGLVWDQFHRIPDQGIRXUUHSHWLWLRQV$IXUWKHULQFUHDVHRFFXUHGDWD
SXOVHHQHUJ\RIP-ZKLFKFDXVHGDPHDQURXJKQHVV LQGH[RIPZKHQXVLQJIRXUUHSHWLWRQV-FPð
7KHLQFUHDVHLQFXPXODWLYHHQHUJ\FDXVHVPRUHPROWHQDQGYDSRULVHGPDWHULDOZKLFKOHDGVWRDKLJKHUPHOWLQJIORZ
DQG DPRUH FOHIW VXUIDFH WRSRORJ\7KHPHDQ URXJKQHVVRI XS WRPZDV DFKLHYHG DW -FPð IRU DSXOVH
HQHUJ\RIP-DKDWFKGLVWDQFHRIPDQGIRXUUHSHWLWLRQV
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)LJ0HDQURXJKQHVVLQGH[5DDRIVWRFKDVWLFVWUXFWXUHVEJURRYHGHSWKDQGZLGWKRIJURRYHVWUXFWXUHV
$FFRUGLQJWRWKHUHVXOWVRI$PHQGHWDODQGDQG5RGUtJXH]HWDOWKHVWUXFWXUHGHSWKRIWKH
JURRYHVGHSHQGVRQWKHFXPXODWLYHHQHUJ\$VVKRZQLQ)LJEDQG)LJDWRHWKHGHSWKLQFUHDVHGOLQHDUE\
XSWRDSSUR[LPDWHO\PIRUWKHKLJKHVWFXPXODWLYHHQHUJ\$SSO\LQJGLIIHUHQWSURFHVVLQJSDUDPHWHUVZLWKWKH
VDPH FXPXODWLYH HQHUJ\ FDXVHG DOPRVW LGHQWLFDO UHVXOWV IRU WKH JURRYH GHSWK )RU H[DPSOH D VWUXFWXUH GHSWK RI
DSSUR[LPDWHO\ PZDV DFKLHYHG IRU D FXPXODWLYH HQHUJ\RI-FPDV VKRZQ LQ)LJ  F DQG G<HW WKH
DOXPLQXPVSHFLPHVZKLFKZHUHSUHWUHDWHGZLWKDODVHUSXOVHHQHUJ\RIP-VKRZHGPRUHUHVROLGLILHGPDWHULDO
UHPDLQVLQWKHJURRYHZKLFKOHGWRUHGXFHGJURRYHZLGWKV)LJF,QJHQHUDOWKHJURRYHZLGWKGHFUHDVHVZLWKWKH
VWUXFWXUHGHSWKDQGLVVPDOOHUIRUORZSXOVHHQHUJLHV)LJE)RUVRPHSURFHVVLQJSDUDPHWHUVHYHQDFORVXUHRI
WKHJURRYHZDVREVHUYHG)XUWKHUPRUHFHUWDLQVWUXFWXUHVH[KLELWHGDEXUUZKLFKIRUPHGDQXQGHUFXW)LJFWRG
7KLV HIIHFW FRXOGEHXVHIXO LQ WKH VHQVHRIPHFKDQLFDO LQWHUORFNLQJDQGJDVWLJKWQHVVZLWK WKH WKHUPRSODVWLF7KH
EXUULQFUHDVHGXSWRDKHLJKWRIDERXWPIRUDFXPXODWLYHHQHUJ\RI-FP
)LJ*URRYHVWUXFWXUHVDQGZHWWLQJRISRO\SURS\OHQHGHSHQGLQJRQWKHFXPXODWLYHHQHUJ\(FXP*
7KHJURRYHVWUXFWXUHVZKLFKZHUHPDQXIDFWXUHGZLWKDSXOVHHQHUJ\RIP-VKRZDIXOOZHWWLQJIRUDVWUXFWXUH
GHSWKXSWRP)LJDEDQGG7KH33ZHWVWKH$/VXUIDFHZLWKRXWWKHIRUPDWLRQRIDLUSRFNHWVZKLFKLV
FRQVLGHUHGWREHGXHWRWKHZLGHVWUXFWXUHV<HWWKHMRLQHGVSHFLPHQVZLWKDJURRYHGHSWKRIOHVVWKDQPZHUH
QRWVXLWDEOHIRUIXUWKHULQYHVWLJDWLRQVEHFDXVHRIDODFNLQMRLQWVWUHQJWK±WKH33ZDVGHWDFKHGIURPWKH$/ZLWKWKH
VOLJKWHVW PHFKDQLFDO LQIOXHQFH $V D FRQVHTXHQFH RI ORZ VWUXFWXUH ZLGWKV JURRYH VWUXWXUHV ZKLFK ZHUH
PDQXIDFWXUHGE\DSXOVHHQHUJ\RIP-VKRZHGVRPHDLUSRFNHWVHYHQIRUGHSWKVEHORZP)XUWKHUPRUHWKH
VSHFLPHQVZLWKDVWUXFWXUHGHSWKRIPRUHWKDQP-FPVKRZHGVLJQLILFDQWDLUSRFNHWVDWWKHERWWRPRIWKH
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JURRYHV)LJH
7KH IRUPDWLRQ RI DLU SRFNHWV LQ EHWZHHQ WKH 33 DQG WKH VWRFKDVWLF VWUXFWXUHV ZDV LQIOXHQFHG E\ WKH VXUIDFH
URXJKQHVV)LJVKRZVWKHDLUSRFNHWVLQGHSHQGHQFHRIWKHFXPXODWLYHHQHUJ\/RZPHDQURXJKQHVVYDOXHVOHGWR
QRRURQO\DIHZDQGYHU\VPDOODLUSRFNHWVDVVKRZQLQ)LJD,QFUHDVLQJWKHDPRXQWRIHQHUJ\DQGWKHVXUIDFH
URXJKQHVV FDXVHG ODUJHU DLU SRFNHWV )LJ E DQG F $V D FRQVHTXHQFH WKH KLJKO\ FOHIWHG VXUIDFHV IRU VXFK
FXPXODWLYHHQHUJLHVKLQGHUWKHXQLIRUPZHWWLQJRIWKH$/VXUIDFHE\WKH33
)LJ6WRFKDVWLFVWUXFWXUHVDQGZHWWLQJRISRO\SURS\OHQHGHSHQGLQJRQFXPXODWLYHHQHUJ\(FXP0
3.2. Gas-tightness of the hybrid joints 
7KHUHVXOWV IRU WKHJDVWKLJKWQHVV WHVWVDUHVXPPDUL]HGDQGVKRZQ LQ)LJVRUWHGE\ WKHFXPXODWLYHHQHUJ\
DQGWKHVWUXFWXUHW\SH*DVWLJKWQHVVZDVQRWDFKLHYHGIRU$/33MRLQWVZLWKVWRFKDVWLFO\VWUXFWXUHGVSHFLPHQVZLWK
DFXPXODWLYHHQHUJ\RI-FPð-FPðRU-FPðP-$VLJQLILFDQWKHOLXPOHDNDJHPDLQO\DIWHUWKH
FOLPDWHFKDQJHWHVWZDVVKRZQIRUWKRVHMRLQWV7KLVFRXOGEHFDXVHGE\DODFNLQZHWWLQJDQGWKHWKHUPDOH[SDQVLRQ
FRHIILFLHQW ZKLFK LV DSSUR[LPDWHO\  WLPHV ODUJHU IRU WKH WKHUPRSODVWLF WKDQ IRU WKH DOXPLQXP 'XH WR WKH DLU
KXPLGLW\LWLVSRVVLEOHWKDWZDWHUPROHFXOHVDFFXPXODWHGLQWKHMRLQWUHJLRQ
)LJ*DVWLJKWQHVVRIDOXPLQXPSRO\SURS\OHQHMRLQWVGHSHQGLQJRQVXUIDFHVWUXFWXUHDQGFXPXODWLYHHQHUJ\
6SHFLPHQVZLWKDVWRFKDVWLFVWUXFWXUHPDQXIDFWXUHGDWDSXOVHHQHUJ\RIP-DQGDFXPXODWLYHHQHUJ\DERYH
-FPðZHUHJDVWLJKW )LJDQGD)RU WKRVHVSHFLPHQV WKH33 IXOO\ZHWWHG WKH$/VXUIDFHZLWKRXW WKH
IRUPDWLRQRIODUJHDLUSRFNHWV*DVWLJKWQHVVZDVWKHUHIRUHJLYHQEHIRUHDQGDIWHUWKHFOLPDWHFKDQJHWHVWVEHFDXVH
RI VXIILFLHQWPHFKDQLFDO DQGVSHFLILF DGKHVLRQEHWZHHQ WKH MRLQLQJPDWHULDOV7KH WKHUPRSODVWLFZHWWHG WKHPHWDO
VXUIDFHZLWKWKHIRUPDWLRQRIYHU\VPDOODQGVSDWLDOO\VHSDUDWHGDLUSRFNHWVIRUDFXPXODWLYHHQHUJ\RI-FPð
)LJEZKLFKKDGQRHIIHFWRQWKHJDVWKLJKWQHVV2QO\RQHMRLQWZDVOHDNLQJGXHWRLQFRPSOHWHZHWWLQJRIWKH
33GXULQJWKHWKHUPDOMRLQLQJSURFHVVDVVKRZQLQ)LJF
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)LJ&URVVVHFWLRQLPDJHVRIJDVWKLJKWDDQGEDQGKHOLXPOHDNLQJFMRLQWVZLWKVWRFKDVWLFVWUXFWXUHVZLWKDLUSRFNHWV
7KHJURRYHVWUXFWXUHVPDQXIDFWXUHGZLWKDSXOVHHQHUJ\RIP--FPFDXVHGDJDVOHDNDJH7KLVFDQEH
UHIHUUHGWRWKHORZVWUXFWXUHZLGWKVRIP$VPHQWLRQHGEHIRUHDQLQFRPSOHWHLQILOWUDWLRQRIWKHJURRYHVOHGWRD
KHOLXPOHDNDJHDORQJWKHDLUSRFNHWVLQWKHJURRYHVWUXFWXUHV,QDGGLWLRQWKHWKHUPRSODVWLFFRXOGEHUHPRYHGIURP
WKH PHWDO E\ DSSO\LQJ D VOLJKW IRUFH 6RPH RI WKH VSHFLPHQV ZLWK D FXPXODWLYH HQHUJ\ RI OHVV WKDQ -FP
)LJDZHUHLQGLFDWHGDVOHDNLQJ7KHMRLQWVZHUHJDVWLJKWZLWKDFXPXODWLYHHQHUJ\RIPRUHWKDQ-FPDWD
SXOVHHQHUJ\RIP-DVVKRZQLQ)LJDQGE7KHJURRYHVZLWKDVWUXFWXUHGHSWKRIPRUHWKDQPZHUH
DOPRVWIXOO\ILOOHGZLWK33DVLW LVVKRZQLQWKHFURVVVHFWLRQLPDJHVLQ)LJFDQGG7KHUHE\RQO\DVPDOO
QXPEHURIVSDWLDOO\VHSDUDWHGDLUSRFNHWVZDVLGHQWLILHG
)LJ&URVVVHFWLRQLPDJHVRIJURRYHVWUXFWXUHVZLWKKHOLXPOHDNDJHDDQGJDVWLJKWMRLQWVEFDQGGZLWKDLUSRFNHWV
3.3. Mechanical strength of the hybrid joints 
7KH UHVXOWV RI WKH PHFKDQLFDO WHVW EHIRUH DQG DIWHU WKH FOLPDWH FKDQJH DUH VKRZQ LQ )LJ 2QO\ JDVWLJKW
SURFHVVLQJSDUDPHWHUVZHUHXVHGIRUWKHDQDO\VLV
)LJ7HQVLOHVKHDUVWUHQJWKIRUVWRFKDVWLFDQGJURRYHVWUXFWXUHVEHIRUHDQGDIWHUFOLPDWHFKDQJHWHVWV
)RUWKHVWRFKDVWLFVWUXFWXUHVWKHWHQVLOHVKHDUVWUHQJWKFRUUHODWHVZLWKWKHFXPXODWLYHHQHUJ\DQGLQFRQVHTXHQFH
ZLWK WKH VXUIDFH URXJKQHVV $ PD[LPXP MRLQW VWUHQJWK RI 03D ZDV DFKLHYHG DW DQ HQHUJ\ RI -FPð
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,QFUHDVLQJ WKH VXUIDFH URXJKQHVV DQG VL]H OHG WR HQKDQFHGPHFKDQLFDO LQWHUORFNLQJ EHWZHHQ WKH 33 DQG WKH SUH
WUHDWHG $/ VXUIDFH ,Q DGGLWLRQ LW LV DVVXPHG WKDW WKH IRUPDWLRQ RI D WKLFN SRURXV R[LGH LQFUHDVHV WKH VSHFLILF
DGKHVLRQZKLFKFDXVHVDKLJKHUMRLQWVWUHQJWK.XUWRYLF$IWHUWKHFOLPDWHFKDQJHWHVWVDOOVSHFLPHQVZLWKD
VWRFKDVWLFVWUXFWXUHH[KLELWHGD VOLJKWO\GHFUHDVHG WHQVLOHVKHDU VWUHQJWK7KH MRLQW VWUHQJWKZDVE\XS WR03D
ORZHUDWDFXPXODWLYHHQHUJ\RI-FPð
7KHVSHFLPHQVZLWKWKHJURRYHVWUXFWXUHVH[KLELWHGWKHKLJKHVWMRLQWVWUHQJWKIRU-FP/RZHUJURRYHGHSWKV
ZKLFK UHVXOWHG IURP HQHUJLHV DW -FP OHG WR D GHFUHDVH LQ MRLQW VWUHQJWK 7KH JURRYHV PDQXIDFWXUHG ZLWK
-FPH[KLELWHGDQLQFUHDVHGJURRYHGHSWKRIXSWRPDQGHTXDOJURRYHZLGWKVLQFRPSDULVRQWR-FP
+RZHYHU D VOLJKW GHFUHDVH LQ MRLQW VWUHQJWK IURP -FP WR -FP ZDV REVHUYHG ,W LV EHOLHYHG WKDW WKH
SDUWLFXODUO\ IRUPHG EXUUV DW -FP VKRZLQJ DQ XQGHUFXW OHG WR HQKDQFHG PHFKDQLFDO LQWHUORFNLQJ DQG LQ
FRQVHTXHQFHWRWKHKLJKHVWVKHDUVWUHQJWKV)LJG6LPLODUWRWKHVWRFKDVWLFVWUXFWXUHVWKHWHQVLOHVKHDUVWUHQJWK
GHFUHDVHGDIWHUWKHFOLPDWHFKDQJHWHVWE\XSWR03D,Q$PHQGHWDODFRPSDUDEOHFOLPDWHFKDQJHWHVW
ZDV SHIRUPHG ZLWK VLPLODU JURRYH VWUXFWXUHV EXW SRO\DPLGH LQVWHDG RI 33 7KLV OHG WR D KDOYLQJ LQ PHFKDQLFDO
VWUHQJWK7KHDXWKRUV FDPH WR WKH FRQFOXVLRQ WKDW WKHGHFUHDVHZDVPRVW OLNHO\ FDXVHGE\SK\VLFDO DQG FKHPLFDO
DJLQJRI WKH WKHUPRSODVWLF7KH ORZGHFUHDVH LQ WKHFXUUHQWVWXG\PD\EHH[SODLQHGVLQFH33 LVNQRZQIRUD ORZ
SHUPHDELOLW\WRZDWHUDVZHOODVDJRRGFKHPLFDOVWDELOLW\DQGLVWKHUHIRUHOHVVVXVFHSWLEOHWRDJLQJDQGWKHFOLPDWH
FKDQJHWHVW
6XPPDU\DQGFRQFOXVLRQV
x $/ VSHFLPHQV ZHUH SUHWUHDWHG E\ SXOVHG ODVHU UDGLDWLRQ PDQXIDFWXULQJ VWRFKDVWLF DQG JURRYH VWUXFWXUHV
6XEVHTXHQWO\ ODVHUEDVHGWKHUPDOKHDWFRQGXFWLRQMRLQLQJZDVDSSOLHGWRERQGWKH$/ZLWKWKH33LQRUGHU WR
FUHDWHJDVWLJKWMRLQWV
x 7KHPLFURVFRSLF URXJKQHVVRI WKH VWRFKDVWLF VWUXFWXUHV FRUUHODWHVZLWK WKH FXPXODWLYH ODVHU HQHUJ\ DSSOLHG ,Q
DGGLWLRQDSRURXVR[LGHOD\HULVJHQHUDWHGZKLFKWKLFNHQVDWWKHVDPHWLPH+LJKOHYHOVRIFXPXODWLYHHQHUJ\DQG
VXUIDFH URXJKQHVV FDXVHG WKH IRUPDWLRQRI LVRODWHG DLUSRFNHWV LQ WKH MRLQW UHJLRQ*DVWLJKWQHVVRI WKHK\EULG
MRLQWVZLWKDVWRFKDVWLFVWUXFWXUHZDVPHDVXUHGEHIRUHDQGDIWHUDFOLPDWHFKDQJHWHVWIRUDFXPXODWLYHHQHUJ\RI
PRUHWKDQ-FPðDQGP-SXOVHHQHUJ\/HVVHQHUJ\OHGWRDOHDNDJHLQWKHWHVWDQGDQLQVXIILFLHQWERQGLQJ
RIWKH33DIWHUWKHFOLPDWHFKDQJHVZLWKDORZPHFKDQLFDOVWUHQJWK
x 7KHJURRYHVWUXFWXUHVH[KLELWDIRUPDWLRQRIEXUUZLWKDQLQFUHDVHLQWKHFXPXODWLYHHQHUJ\7KHJURRYHGHSWK
FRUUHODWHVOLQHDUO\WRWKHFXPXODWLYHHQHUJ\IRUERWKSXOVHHQHUJLHVRIP-DQGP-UHVSHFLWYHO\+RZHYHU
WKHJURRYHZLGWKLVPDLQO\LQIOXHQFHGE\ERWKWKHSXOVHDQGWKHFXPXODWLYHHQHUJ\/RZSXOVHHQHUJLHVRUKLJK
FXPXODWLYHHQHUJLHVFDXVHPHOWUHVLGXHVLQVLGHWKHJURRYHV*URRYHVWUXFWXUHVZLWKDFXPXODWLYHHQHUJ\RIPRUH
WKDQ-FPDWDSXOVHHQHUJ\RIP-FRXOGEHLGHQWLILHGDVJDVWLJKW'XHWRORZJURRYHZLGWKVLQFRPSOHWH
LQILOWUDWLRQDQGWKHIRUPDWLRQRIDLUSRFNHWVOHDNDJHZDVREVHUYHGZKHQXVLQJDSXOVHHQHUJ\RIP-
x $WHQVLOHVKHDUVWUHQJWKRIXSWR03DZDVDFKLHYHGIRUERWKODVHUVWUXFWXUHV$IWHUFOLPDWHFKDQJHWKHMRLQW
VWUHQJWKRIDOOVSHFLPHQVZDVVOLJKWO\GHFUHDVHGE\PD[03DZKLFKLVEHOLHYHGWREHFDXVHGE\WKHDJLQJ
RIWKHWKHUPRSODVWLF
5HIHUHQFHV
$PHQG33ILQGHO66FKPLGW07KHUPDOMRLQLQJRIWKHUPRSODVWLFPHWDOK\EULGVE\PHDQVRIPRQRDQGSRO\FKURPDWLFUDGLDWLRQ,Q
3K\VLFV3URFHGLDSS
$PHQG30RKU&5RWK6([SHULPHQWDO,QYHVWLJDWLRQVRI7KHUPDO-RLQLQJRI3RO\DPLGH$OXPLQXP+\EULGV8VLQJD&RPELQDWLRQRI
0RQRDQG3RO\FKURPDWLF5DGLDWLRQ,Q3K\VLFV3URFHGLDSS±
&HQLJDRQDLQGLD$/LpEDQD)/DPLNL]$(FKHJR\HQ=1RYHO6WUDWHJLHVIRU/DVHU-RLQLQJRI3RO\DPLGHDQG$,6,,Q3K\VLFV
3URFHGLDSS±
',1(1-XO\$GKHVLYHV'HWHUPLQDWLRQRI7HQVLOH/DS6KHDU6WUHQJWKRI%RQGHG$VVHPEOLHV
',1(12FWREHU1RQGHVWUXFWLYHWHVWLQJ±/HDNWHVWLQJ&ULWHULDIRUPHWKRGDQGWHFKQLTXHVHOHFWLRQ
+HFNHUW$=DHK0)/DVHU6XUIDFH3UHWUHDWPHQWRI$OXPLQLXPIRU+\EULG-RLQWVZLWK*ODVV)LEUH5HLQIRUFHG7KHUPRSODVWLFV ,Q
3K\VLFV3URFHGLDSS±
+RVH 5  /DVHUREHUIOlFKHQYRUEHKDQGOXQJ ]XU9HUEHVVHUXQJ GHU$GKlVLRQ XQG$OWHUXQJVEHVWlQGLJNHLW YRQ$OXPLQLXPNOHEXQJHQ 3K'
7KHVLV$DFKHQ6KDNHU9HUODJ
 André Heckert et al. /  Physics Procedia  83 ( 2016 )  1083 – 1093 1093
.DZDKLWR<7DQJH$.XERWD6.DWD\DPD6'HYHORSPHQWRI'LUHFW/DVHU-RLQLQJIRU0HWDODQG3ODVWLF,Q,&$/(2
&RQJUHVV3URFHHGLQJSS±
.XUWRYLF $  /DVHULQGX]LHUWH 1DQRVWUXNWXULHUXQJ YRQ 7LWDQREHUIOlFKHQ IU GDV VWUXNWXUHOOH .OHEHQ (LQIOXVV DXI GLH 2EHUIOlFKHQ
PRUSKRORJLH(UPGXQJVXQG$GKlVLRQVHLJHQVFKDIWHQ3K'7KHVLV3DGHUERUQ8QLYHUVLWDHWVELEOLRWKHN3DGHUERUQ
/DPEHUWL&6ROFKHQEDFK73ODSSHU33RVVDUW:/DVHU$VVLVWHG -RLQLQJRI+\EULG3RO\DPLGHDOXPLQXP6WUXFWXUHV ,Q3K\VLFV
3URFHGLDSS±
5HFKQHU5/DVHUREHUIOlFKHQYRUEHKDQGOXQJYRQ$OXPLQLXP]XU2SWLPLHUXQJGHU2[LGVFKLFKWHLJHQVFKDIWHQIUGDVVWUXNWXUHOOH.OHEHQ
3K'7KHVLVVW(GLWLRQ0QFKHQ'U+XW
5RGUtJXH]9LGDO(/DPEDUUL-6RULDQR&6DQ]&9HUKDHJKH*$FRPELQHGH[SHULPHQWDODQGQXPHULFDODSSURDFKWR WKH ODVHU
MRLQLQJRIK\EULG3RO\PHU±0HWDOSDUWV,Q3K\VLFV3URFHGLDSS
5RHVQHU $  /DVHUEDVLHUWHV )JHYHUIDKUHQ ]XU +HUVWHOOXQJ YRQ .XQVWVWRII0HWDOO+\EULGEDXWHLOHQ 3K' 7KHVLV 6WXWWJDUW )UDXQKRIHU
9HUODJ
6DHFKWOLQJ+%DXU(6DHFKWOLQJ.XQVWVWRII7DVFKHQEXFK0QFKHQ+DQVHU
6FKULFNHU.6WDPENH0%HUJPDQQ-3$GMXVWPHQWDQG,PSDFWRIWKH7KHUPRSODVWLF0LFURVWUXFWXUHRIWKH0HOWLQJ/D\HULQ/DVHU
EDVHG-RLQLQJRI3RO\PHUVWR0HWDOV,Q:LVVHQVFKDIWOLFKH*HVHOOVFKDIW/DVHUWHFKQLNH9(G/DVHUVLQ0DQXIDFWXULQJ/,0
0QFKHQ
6SDGDUR & 6XQVHUL & 'LVSHQ]D &  /DVHU VXUIDFH WUHDWPHQWV IRU DGKHVLRQ LPSURYHPHQW RI DOXPLQLXP DOOR\V VWUXFWXUDO MRLQWV ,Q
5DGLDWLRQ3K\VLFVDQG&KHPLVWU\SS±
